Plant cells have multiple strategies to adapt to environmental stresses. Rice endosperms 20 form chalkiness in a part of the tissue under heat conditions during the grain-filling stage, 21 although nitrogen supply reduces chalky rice. Air spaces formed in the cells cause an 22 irregular light reflection and create chalkiness, yet what exactly occurs remains unclear at 23 cell level. Through on-site cell-specific analysis, we show that heat-treated cells adjust 24 osmotically and retard protein synthesis to preserve protein storage vacuoles in the cytosol, 25 resulting in air space formation. Application of nitrogen enhances heat tolerance to sustain 26 protein body and amyloplast development during strong osmotic adjustment, which 27 diminishes air spaces to avoid chalkiness. Hence, we conclude that rice endosperm cells 28 could alter organelle compartments spatially during the heat adaptation, depending on the 29 available nitrogen level. Our findings provide new insight into the cellular mechanism of rice 30 chalky formation as a strategy for heat acclimation. 31 32
tissue analysis (e.g., Yamakawa et al., 2007) ; the underlying mechanism in cellular 48 metabolism prior to the air space formation remains unclear. Moreover, the possible role of 49 N during the heat response has not been spatially addressed at the metabolite level. 50 51 Storage proteins are major components that accumulate 5-8% in rice endosperms (Juliano, 52 1985; Hoshikawa, 1989 ). These proteins are typically stored into two types of protein bodies 53 (PBs), called PBI and PBII (Tanaka et al., 1980; Herman and Larkins, 1999 ; Shewry and 54 has been adopted as a picolitre pipette to establish a new type of "analytical method that can 82 be performed in intact plant cells" by combining with an Orbitrap mass spectrometer 83 (Gholipour et al., 2013). More recently, the resolution and sensitivity of the method have been 84 improved by introducing an internal electrode in the capillary holder and adopting the mixture 85 of an ionic solution and the silicone oil in the quartz capillary (Nakashima et al., 2016) . This 86 type of cell metabolomics appears to be a robust and powerful method for performing cell-87 specific analysis. However, most of the cell metabolomics, including this method, have been 88 confined to laboratory use at room temperature. To the best of our knowledge, no attempt 89 has been made to further improve the cell-specific analytical method that allows investigation 90 of metabolic response to some environmental stimuli, such as temperature responses in 91 developing crop plants. 92
93
To overcome such limitation at the analysis, we have established a new on-site cell-specific 94 analytical method by combining picolitre pressure-probe-electrospray-ionization mass 95 spectrometry (picoPPESI-MS, referred as 'IEC-PPESI-MS' in Nakashima et al., 2016) with 96 an environment control to be used for conducting a cell-specific analysis in the cells growing 97 under heat conditions, which were expected to form chalkiness. Under the temperature 98 equilibrium conditions, this analytical method allows to perform on-site real-time metabolites 99 profiling in the target endosperm cells growing at a set temperature (i.e., 34°C) without any 100 pretreatments (see Nakashima et al., 2016) . By combining with a transmission electron 101 microscopy (TEM), it has been shown for the first time that (i) PSVs could be preserved in 102 the cytosol by osmotic adjustment under heat conditions to lead chalky formation as a heat 103 survival strategy and (ii) N-supplied cells increased protein synthesis rate at high temperature 104
to avoid chalkiness. 105
106
Results 107
Rice Appearance 108
In both non-heat (26°C) treatment and N application followed by non-heat (N+26°C) 109 treatment, there were essentially no white-back kernels and the same occurrence of perfect 110 kernels was observed (Table 1) . Under heat (34°C) treatment, the proportion of white-back 111 kernels (see 34°C in Figure 1B ) increased, reaching to 66.4%, and resulted in a substantial 112 decrease in perfect kernels (Table 1 ). In contrast, N application followed by heat (N+34°C) 113 treatment ameliorated rice appearance by remarkably decreasing white-back kernels, 114 reaching to 7.6%, but with an approximately 40% increase in perfect kernels ( Figure 1C) . 115
Moreover, partially ameliorated chalky kernels were classified as other kernels. There was 116 no treatment difference between kernel dry weights in both perfect rice and white-back rice 117 (Table 1) , although the average dry weight of pooled kernels declined in 34°C and N+34°C 118 treatments (Table 1) . No difference was observed on rice appearance between 26°C and 119 N+26°C treatments and therefore, the following experiments were conducted in 26°C, 34°C, 120 and N+34°C treatments. 121 122
Microscopic Observations in Chalky Zone 123
The outer endosperm cells located at the dorsal side, where the high frequency of chalkiness 124 was confirmed at maturation (Table1), were observed microscopically using a light 125 microscope and TEM. Rice grain sections collected in 26°C, 34°C, and N+34°C treatments 126 were dual-stained and observed using a light microscopy, and starch granules and proteins 127 were stained in bluish purple and blue area, respectively (Figures 1D-F). In 26°C treatment, 128 the outer endosperm cells were densely packed mainly with numerous well-developed 129 amyloplasts and mature PBs mostly located at the periphery of cytoplasmic compartments 130 ( Figure 1D ). Heterogeneity in the size of amyloplasts was contrastingly observed in 34°C 131 treatment as well as a relatively large gap space in the cytoplasmic compartments (see the 132 arrowheads in Figure 1E ). Cell morphology in N+34°C treatment was similar to that in 26°C 133 treatment ( Figure 1F ). The image analysis showed that 34°C treatment significantly reduced 134
areas of amyloplasts and PBs in the cytoplasmic compartments (Figures 1G and H) and 135
resulted in the preservation of over 25% of gap spaces among amyloplasts and PBs 136 inadequately formed in the chalky zone, different from the perfect kernels in 26°C treatment 137 ( Figure 1I ). In N+34°C treatment, the area-based percentage of amyloplasts and PBs 138 recovered at the similar level to the 26°C treatment ( Figure 1G -I). Figure 1I indicates that 139 these modifications of organelle compartmentations observed at high temperature were 140 ameliorated by additional N supply ( Figure 1F ) and displayed no difference in 26°C treatment 141 ( Figure 1I ). 142
143
In the outer endosperms in 34°C treatment, the gap area was typically located among amyloplasts in the cytosol. Microscopic observation was then made by using TEM in the 145 same zone for each treatment at 12, 20, and 40 DAH (Figures 2A-I) . At 12 DAH, the 146 developing PSVs were similarly observed in all treatments. Numerous PSVs, few PBs, 147 mitochondria, and rERs were observed in the cytosol (Figures 2A-C) . In contrast to 12 DAH, 148 the ultrastructure of the cells fixed at 20 and 40 DAH both differed between treatments. The 149 majority of PSVs were filled with PBII until 20 DAH in 26°C treatment ( Figure 2D ), whereas 150
PSVs in 34°C treatment remained in the cytosol, leading to the formation of air spaces at 151 maturation ( Figures 2E and H) . In N+34°C treatment, normal PBII development was 152 observed with little or no PSVs at 40 DAH, similar to 26°C treatment ( Figure 2I ). In each 153 treatment, the water content of the kernels decreased through the grain-filling stage, although 154 at maturation, higher water content was observed in 34°C treatment, compared to other two 155
In Situ Turgor Assay in Outer Endosperm Cell Growing under Heat Conditions 158
In the corresponding target cells at the early stage, where PSVs were similarly localized in 159 all treatments (Figures 2A-C) , there were some kernel-to-kernel variations in outer 160 endosperm cell turgor in each treatment ( Figure 3B ) because each kernel exhibited some 161 variations in the appearance at maturation (Table 1) . 34°C-treated cells exhibited positive but 162 relatively low turgor, compared to those in 26°C treatment ( Figure 3B ). Cell turgor in N+34°C 163 treatment was overall higher in 34°C treatment, maintaining the same level that of 26°C 164 treatment ( Figure 3B ). 165 166
On-site Cell-specific Metabolites Profiling in Kernels Growing under Heat Conditions 167
When the cell sap was directly analyzed using picoPPESI-MS under controlled environments 168 (Supplementary file 1), numerous metabolites (mostly amino acids, sugars, organic acids, 169 and secondary metabolites) were identified in negative ion mode at less than 5 ppm remarkably (see deep-colored bars in Figure 4E ). In N+34°C treatment, the area of CysR10P 202 in PBI was similar to that in 34°C and prone to be higher than 26°C treatment. Consequently, 203 the area of CysR10P (number x area) in the chalky cells increased due to N application, 204 compared to that in 34°C treatment (Supplementary file 3). There was little effect on the 205 accumulation of glutelin precursors (pro-glutelin) and acidic (α)-glutelin to 34°C, although the 206 content of CysR16P, Cys-poor 13-kDa prolamin (CysP13P), α-globulin, and basic (β)-glutelin 207 decreased in 34°C treatment ( Figure 4G ). When N was supplied to the soil prior to 34°C 208 treatment, the content of β-glutelin and CysR16P increased to the level of 26°C treatment 209 and greater than that of 34°C treatment ( Figure 4G ). The accumulation of CysR10P was 210 specifically observed in 34°C treatments ( Figure 4G ). Analysis of the time course of changes 211 in PSV and PBII (stored in PSV) volumes in the chalky zone showed that the expansion of 212 PSVs in 34°C treatment progressively occurred, reaching 26 fL at maturation, 2.6-fold larger 213 than that in 26°C treatment ( Figure 5A ). PB accumulation rate retarded in 34°C treatment, 214 compared to that in 26°C treatment ( Figure 5B ). Additionally, in 26°C and N+34°C treatments 215 in Figure 5C ). In contrast, the 34°C-treated PSV volume was shown to be positively 217 correlated with the PSV matrix volume ( Figure 5C ). increase in heat-induced chalky rice has been a serious concern in global rice production 224 under the advancing global warming. N supply decreases heat-induced chalky formation 225 leading to the reduction in air spaces under heat conditions. Therefore, we conclude that rice 240 endosperm cells could alter vacuolar morphology by regulating vacuolar trafficking and 241 protein processing as a heat stress adaptation, depending on the available nitrogen level. 242
We also propose that rice chalky formation is a form of heat acclimation. 243 244
Establishing an on-site cell-specific analysis to investigate heat-induced damages in 245 rice plants 246
Recently, single cell metabolomics has been extended mainly due to the introduction of 247
Orbitrap mass analyzer, and this approach has been applied to a number of biological studies 248 maturation was similar to that of 26°C treatment, 14.8% lower than that of white-back rice 290 harvested in 34°C treatment ( Figure 1I ). As the results indicated, approximately 70% 291 (∆perfect rice 40.7% . ∆white-back rice 58.8% -1 ) of white-back rice simply turned into the 292 perfect rice without causing any reduction in kernel weight (Table 1) . 293
294
It has been shown that heat stress affected the PB development, and the volume of PSVs 295 progressively increased over time, reaching to 2.5-fold larger than PBII in 26°C treatment at 296 maturation ( Figures 4F and 5A interference of starches contained in the sap. However, based on the treatment differences 323 in metabolites in the target zone, it was reasonably interpreted that N-treated cells strongly 324 adjusted osmotically to maintain the protein synthesis rate at high temperature, whereas 325 under low N level, the cells adjusted less osmotically and the protein synthesis rate slowed 326 down, and therefore the energy requirement in cytosol could be maintained low. corresponds to the occurrence of white-back kernels (Table 1) . Hence, it is expected that 338
higher Cys accumulation would have occurred in the cytosol in 34°C treatment, as well as 339 sugars and other major amino acids, which might be caused by a low assimilate input under 340 long-term heat conditions. It appeared that N application increased amyloplast development 341 in the cells under heat conditions ( Figure 1G conditions. PSVs treated at 34°C were found to be expanding over time, but with a retardation 376 of PB accumulation ( Figure 5A and B) . Importantly, the volumetric increase in PSV could be 377 explained by increasing PSV matrix (see Figure 5C ), indicating that substantial amount of 378 water had been entering PSVs towards maturation to increase the vacuolar volume. Thus, it 379 is quite unlikely that tonoplast membrane lipids were degraded under heat conditions. One 380 plausible explanation is that a partial degradation of PBII in PSV would occur through the 381 activation of proteases or the autophagy-like process, leading to an increase in the vacuolar 382 osmotic pressure. This would promote water entry into PSVs to sustain the vacuolar volume, 383 and maintain the cell volume. The source of water accumulated in the PSV matrix remains 384 unknown. However, based on the increases in the content of ascorbate, glutathione, and 385 monodehydroascorbate detected at the cellular level (Supplementary file 2), we speculate 386 that the accumulation might be a consequence of an increased activity of ascorbate 387 peroxidase catalyzing the conversion of hydrogen peroxide into water. PB development 388 sustained during the N-enhanced adaptation process supports our conclusion that disulfide 389 bond formation and tonoplast denaturation would be facilitated by strong osmotic adjustment 390 ( Figure 2 ). As observed in Figure 2J . Given the fact that water is a major compound in both PSV matrix 393 and vacuoles in the gap spaces, it is not surprising that chalky zone (or even chalky rice) 394 exhibited relatively high moisture content under heat conditions, compared to 26°C treatment. 395
Storing water in the endosperms along the dorsal vasculature may be an essential event to sustain embryo development in the seeds exposed to the extremely high temperature, as 397 heat-induced precocious germinations were similarly observed in rice (Iwasawa et al., 2013) 398 and oilseed rape seeds (Brunel-Muguet et al., 2015) . Hence, we propose that chalkiness is 399 a form of acclimation to heat stress. 400
401

Threshold of chalkiness and other possible candidate organelle involved in chalkiness 402
Regarding the threshold above which chalkiness appears, our image analysis suggests that 403 the transition between chalk and translucence corresponds to a range between 10.3 and 404 25.1% in N+34°C treatment and 34°C treatment, respectively (see Figure 1I ). In another type 405 of chalkiness, called milky-white rice, chalkiness was observed at 13.3% on average (Wada 406 et al., 2014). Taken together, significant transparency loss would occur in a range of 10.3 to 407 13.3%. The preservation of PSVs expanded in cytosol was responsible for the formation of 408 heat-induced white-back rice ( Figure 6 ). In the chalky zone, a small number of cells, 409 corresponding to 3.4% of the total chalky area (see the red area in Supplementary file 4A) 410
and located adjacent to the sub-aleurone layer, retained some large lytic vacuoles in addition 411
to PSVs (Supplementary file 4H) . This observation has risen a possibility that in 'Koshihikari', 412 some vacuoles might also have participated in the air space formation. Similarly, we 413 previously showed that the presence of vacuoles stayed in the cytosol at osmotic adjustment where a high frequency of chalkiness was observed under 34°C treatment (Table 1) . Simply, 463
the system was composed of picoPPESI-MS and two measurement rooms individually 464 attached to growth chambers (K260B029-S01, Tsubuku Corporation Ltd., Kurume, Japan) 465 (see Supplementary file 1). The combination of the environmental control and picoPPESI-466 MS allowed us to directly perform cell metabolites profiling real-time at the target zone without 467 any pretreatments under each set environmental conditions. Potted plants at 11−12 DAH 468 were moved to the measurement room where they were placed at the center of a U-shaped 469 vibration-free table (HOA-0808LA(Y), Herts Co. Ltd., Yokohama, Japan) in the measurement 470 room. Temperature change in the growth chamber disturbs cell pressure probe measurement 471 (Boyer, 1995), and therefore the following assays were initiated, at which the pressure probe 472 system and plants reached to the temperature equilibrium (typically in 30 min). Prior to the 473 assay, a part of the hull (i.e., palea) in the attached kernels was quickly and gently removed 474 under humid conditions (Wada et al., 2011) . In the preliminary experiment, it was observed 475 that there were distinct tissue-to-tissue variations in metabolites between the pericarp 476 (Supplementary file 5) and outer endosperm cells ( Figures 3C-E) . When the kernel score 477 reached to 0.9 (see Figure 1 in Wada et al., 2014), a 1 mm diameter biopsy punch was used 478 to remove 0.031 cm 2 of pericarp tissue in the dorsal side of the kernel to obtain the sap from 479 the endosperm cells under humid conditions prior to the capillary tip insertion ( Figure 3A) . 480
Therefore, a possible contamination could be ruled out from the pericarp cell layers. The 481 kernel was gently fixed on the sample holder using tape and magnets (Supplementary file 1) . 482
The tip of microcapillary filled with 0.01% (v/v) ionic liquid/silicone oil mixture was impaled 483 into endosperm cells (typically between 50-150 µm below nucellar-epidermis) with the aid of to enhance electric conductivity of the silicone oil. All manipulations were conducted under a 500 digital microscope (KH-8700, HiRox Co. Ltd., Tokyo, Japan), and kernels attached to the 501 sample holder was humidified during all processes. In addition to the picoPPESI-MS analysis, 502 in situ cell turgor in both pericarp and outer endosperm located at the same dorsal side of the kernels was independently assayed under humid conditions without removing the 504 pericarp, as described previously (Wada et al., 2011, 2014) . Health, Bethesda, MD, the US). The outline of PSV and PBII in PSV was also traced. By 522 assuming that they were spherical with a same r, the ratio of volume (V=4/3πr 3 ) to the area 523 (A=πr 2 ) was 4/3r. This value was regarded as the representative ratio to calculate V from A 524 with the conversion, V= 4/3rA. The volume of PSV matrix was calculated as the difference 525 between PSV and PBII volumes. 526 527
Protein Extraction from Rice Kernels and SDS-PAGE 528
In each treatment, one-third of the kernel containing the dorsal side of the matured kernels, 529 corresponding to the chalky zone of white-back rice, was removed using a razor blade. Total The protein content of kernels is conventionally estimated using an N-protein conversion 545 factor, 5.95 from the N content determined by the Kjeldahl method. the TEM images at 40 DAH (see Figure 2G , H, I). Each parameter in C-F indicates mean±SEs for 25-59 PBs from at least three kernels. In E, 884 each deep-gray bar embedded in the light gray bars showing the area of PBI indicates the area of Cys-rich 10-kDa layer, which locates at the 885 core of PBI (see inset). Different letters in A-F represents significant differences among treatments (Tukey's HSD test, p < 0.05) within the 886 protein content, protein weight, and the area and number of both PBs (letter only) and area of Cys-10-kDa layer of PBI ('). In G, SDS-PAGE 887 analysis of one-third of dorsal side of kernel, corresponding to the chalky zone in 34°C treatment. CysR10P, Cys-rich 10-kDa prolamin; CysR16P, 888
Cys-rich 16-kDa prolamin; CysP13P, Cys-poor 13-kDa prolamin; pGT, proglutelins; αGT, glutelin acidic subunit; βGT, glutelin basic subunit; 889 αGlb, α-globulin. 890 indicate significant differences among treatments (Tukey's HSD test, p <0.05). In C, the 921 regression line between the PSV matrix volume (x) and the entire PSV volume (y) in 34°C 922 treatment was y = 1.08x +0.41 with r 2 = 0.99 (p < 0.01). Inset in C shows the relationship 923 between PSV volume (y) and PBII volume (x) in 26°C and N+34°C treatments, and the 924 regression lines in 26°C and N+34°C were y=0.89x with r 2 =0.99 (p < 0.01) and y=0.98x+0.01 925 with r 2 =0.99 (p<0.05), respectively. Each dashed line in C indicate a 1:1 line. 926
